Abstract Egg characteristics of teleost fishes are affected by various abiotic and biotic factors. In order to reproduce successfully, freshwater fishes inhabiting brackish environments must alter their reproductive characteristics, including egg properties, to increased osmotic pressure. Ruffe Gymnocephalus cernua was used as a model species to compare egg characteristics between fish populations inhabiting brackish and freshwater environments. Fish from the brackish environment had larger eggs with higher energy content than the individuals originating from freshwater. In freshwater, eggs from the first batch were larger than from the second. Female size correlated positively with egg size in the brackish water population. In freshwater, this correlation was evident only with eggs from the first batch. Only a weak positive correlation was found between fish condition and egg size in females from the brackish water population. Egg size variation did not differ between sites, nor was it correlated with mean egg size or any other maternal traits within populations. These results indicate significant modifications in reproductive strategies between brackish and freshwater ruffe populations. Additionally, results show that at least in freshwater, the first batch of eggs is of the highest quality and therefore more important for reproduction.
Introduction
Size of teleost egg varies at the species, population and individual level (Chambers and Leggett 1996; Albert et al. 2006; Gregersen et al. 2006 Gregersen et al. , 2009 . Many studies (especially on salmonids) have shown that larger and older females produce larger eggs (e.g., Bagenal 1969; Kennedy et al. 2007; Quinn et al. 2011 ), but this is not a universal phenomenon (Fuiman and Trojnar 1980; Iguchi and Yamaguchi 1994) . Some studies have shown that female age also influences the chemical composition of the egg matter (e.g., Kamler 2005) . Environmental factors (e.g., salinity, temperature and pH) may have significant effects on egg properties (Brooks et al. 1997; Bownds et al. 2010) . For example, due to lower salinity and osmotic pressure in the brackish Baltic Sea several marine fish species produce eggs that are more buoyant and have higher water content compared with their oceanic counterparts (Solemdal 1967; Nissling et al. 1994; Thorsen et al. 1996) . On the other hand, osmotic pressure is significantly higher in brackish environments than in freshwater and that is the reason why some freshwater fishes have low fry survival rate in the Baltic Sea (Tibblin et al. 2012) . Also biological interactions like predation (Segers and Taborsky 2012) and competition (McCormick 2006) influence egg size. Additionally, females in better physiological condition have been shown to produce larger and heavier eggs (Ojanguren et al. 1996; Donelson et al. 2009 ). Furthermore, egg energy content has been shown to be positively affected by female condition and size (Heinimaa and Heinimaa 2004; Ouellet Communicated by H.-D. Franke.
& Roland Svirgsden roland.svirgsden@ut.ee et al. 2001) . At large, different habitats have certain sets of factors that affect egg quality and different egg properties are favoured in specific environments. A general rule is that bigger eggs give rise to bigger offspring (Bagenal 1969; Einum and Fleming 2000; Bownds et al. 2010) , but there are some exceptions (Lagomarsino et al. 1988 ). Larger offspring have many advantages over smaller conspecifics: They are more resistant to starvation because of larger yolk reserves (Rideout et al. 2005) , have greater swimming speed for catching prey and escaping predators (Ojanguren et al. 1996; Segers and Taborsky 2011) , take fewer behavioral risks (Segers and Taborsky 2011) , have generally faster growth rates (Wallace and Aasjord 1984) and outgrow their gape-size-limited predators faster (Sogard 1997) . Also, large offspring are better adapted to extreme environmental conditions (Alcaraz and Garcia-Berthou 2007; Riesch et al. 2012) and have greater probability to live through their first winter (Braaten and Guy 2004; Hurst 2007) . However, while scarce, there are some examples where larger eggs have disadvantages over smaller ones: In some cases, larger eggs have greater mortality rates at higher temperatures (Régnier et al. 2013 ) and certain predators may positively discriminate for bigger larvae (Litvak and Leggett 1992) . In benign environments, where food is plentiful and competition rarely occurs, larger offspring have little or no survival advantages (Hutchings 1991; Gisbert et al. 2000; Rideout et al. 2005; Segers and Taborsky 2011) . When females produce large eggs in environments where size has no effect on survival, it will have reduced fitness (in terms of lost fecundity) due to trade-offs between egg size and fecundity while selection is thought to act largely to maximize maternal fitness only (Smith and Fretwell 1974; Elgar 1990) . Furthermore, there is some evidence that the bet-hedging strategy in egg size is employed when future environmental conditions are increasingly variable and unpredictable (Marshall et al. 2008; Morrongiello et al. 2012) .
Ruffe Gymnocephalus cernua is a small benthophagous percid fish species. Its native distribution range is in temperate zones of Europe and Northern Asia, but it has been introduced into the Great Lakes in North America and some European lakes where ruffe naturally did not exist (Simon and Vondruska 1991; Pratt et al. 1992; Winfield et al. 1996; Ogle 1998) . Ruffe is a typical batch spawner (usually up to three batches during one spawning season) with high total fecundity (Neja 1988; Ogle 1998; Saat et al. 2003; Lorenzoni et al. 2009 ). It can tolerate a wide range of environmental and ecological factors. For example, ruffe can inhabit lakes with low productivity and pH as well as eutrophicated brackish bays (Mäemets 1977; Saat et al. 2003) . In Estonia, it inhabits over 150 lakes and many lowland rivers, but it is also abundant in the coastal waters of the Baltic Sea (Saat et al. 2003) . This makes ruffe a suitable model species for salinity studies.
There are reasons to assume that significant modifications exist in reproductive strategies between freshwater and brackish water ruffe populations. Albert et al. (2006) studied eggs from one freshwater and two brackish water sites and found that the egg diameters of brackish water populations were significantly greater than the egg diameter of freshwater population. To expand upon this study, we analyze in this study the variability of multiple egg characteristics in wild-caught ruffe inhabiting freshwater (FW) and brackish water (BW) environments. More specifically, we study if these size differences between populations are only attributed to the greater water volume or are the dry matter content also greater in BW environments. Further, we also evaluate how egg traits are affected by maternal size and age and if those relationships are consistent or not between different populations and biomes.
Materials and methods

Study sites
Fish were collected from one brackish water and two freshwater sites: Pärnu Bay, Lake Peipsi and Lake Saadjärv (Fig. 1) . Pärnu Bay is situated in the northeastern part of Gulf of Riga, Baltic Sea. It is a semi-enclosed bay with a surface area of approximately 700 km 2 and volume of 2 km 3 . The inner part of the bay is relatively shallow (average 5-6 m), but depth gradually increases toward southwestern parts (max depth 25 m). Salinity varies usually between 3.5-6 ppt. The hydrological conditions of the bay are mainly formed under the influence of river discharge (chiefly Pärnu River) and water exchange with the open part of the Gulf of Riga. The bay is affected by human-induced eutrophication (Kotta et al. 2004 ). The study site was situated in the inner part of the bay, where ruffe are found throughout the area and are locally very abundant.
Lake Peipsi is a large (Europe's fourth largest, 3555 km 2 ) shallow lowland lake. The study site was situated in the shallow (1.5 m) near-shore area of the largest part of the lake (Lake Peipsi s.s.) with surface area of 2611 km 2 and average depth of 8.3 m (max 12.9 m) (Jaani 2001) . Ruffe are abundant throughout this eutrophic lake (Saat et al. 2003) .
Lake Saadjärv is situated between drumlins in the eastern part of Estonia. It has a surface area of 7.08 km 2 , maximum depth of 25 m (average 8 m), limited catchment area and slow water exchange rate. This mesotrophic lake is characterized by strong water stratification and high water transparency (Mäemets 1977) . Ruffe are mostly found in deeper ([10 m) zones of the lake. The study site was situated in the deeper (10-12 m) southern part of the lake.
Fish sampling and processing
Fish were caught by stationary gillnets. Sampling was done in 2011 on the following dates: May 11th, 27th and June 6th at Lake Saadjärv (N = 21, 10 and 12, respectively); May 17-18th at Lake Peipsi (N = 31); June 2-4th at Pärnu Bay (N = 42). Only females with ''running'' gametes were used in the analyses (altogether 116 specimens). The fish were killed immediately after capture by severing the central nervous system. In the laboratory, total length (TL, to the nearest 1 mm) and weight (TW, to the nearest 0.1 g) were measured. A sample of ovulated eggs was stripped from each fish for further analysis. Remaining gonads and rest of the internal organs were removed from body cavity, and somatic weight (SW, 0.1 g) was recorded. General condition index (Fulton's condition factor K) was calculated using the following formula K = 100,000(SW/TL 3 ), where SW is in grams and TL in millimeters (Bolger and Connolly 1989) . Sagittal otoliths were used for age determination. Otoliths were embedded in epoxy resin, and transverse sections through the core were obtained with the diamond saw (IsoMet Ò Low Speed Saw, Buehler Ltd.). The surface of the cross sections was polished with fine particle abrasive paper (grit size P4000). Cross sections were stained for about 15 min in a solution of neutral red (1 %) and acetic acid (0.5 %) in distilled water (Richter and McDermott 1990) . Age was determined by counting the narrow dark red bands (winter zones) under a stereomicroscope against dark and light background. Two readers read the otoliths, and the percentage of agreement was determined (89 %).
Egg size measurements and analysis
Stripped eggs from ovulating fish were divided into two subsamples (one for diameter analyses and the other for weight analyses). The diameter subsample was preserved in 1 % buffered formaldehyde. This is considered the lowest possible concentration that would ensure proper oocyte preservation while minimizing changes in oocyte size (Lowerre-Barbieri and Barbieri 1993). Before diameter measurements, eggs were washed in tap water and photographed under the stereomicroscope (SZX10, Olympus Corporation). Egg cross-sectional area was measured from the photograph (approximately 250 oocytes per fish) using ImageJ software (National Institutes of Health). Eggs were generally circularly shaped, and diameter (D) was calculated from area (A) using simple circle area formula:
Sibling size variation (SSV) within each female was estimated as the coefficient of variation (CV, y) of egg diameter (y ¼ 100r= x, where x is the mean and r is SD).
The second subsample was photographed on a Petri dish, then weighted (wet weight) and subsequently frozen for later dry weight analysis. Subsamples were dried in the oven at 60°C for 48 h and weighted for the second time (dry weight). The number of eggs in the subsample was counted from the photograph, and mean egg wet weight and dry weight were calculated as wet weight and dry weight of the subsample divided by the number of eggs in that subsample. Egg dry matter percentage was calculated as egg dry weight divided by wet weight. The total energy content of dried egg mass (dried weight subsample) was determined with a bomb calorimeter (IKA C 5000, IKA Ò -Werke GmbH & Co. KG) and expressed as egg mass energy content (kJ/g, dry mass) and mean energy content per egg (J, calculated from mean egg dry weight and egg mass energy content).
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Egg size parameters (diameter, wet weight and dry weight) indicated that the fish caught at Lake Saadjärv on May 11th likely had their first batch of eggs and fish caught on May 27th and June 6th had probably their second batch (Table 1) . Furthermore, sampling attempts in Lake Saadjärv were not limited to the dates given above, but on the other dates no females with running gametes were caught. Therefore, fish from Lake Saadjärv were considered as two different groups (first and second batches, hereafter referred as Saadjärv I and Saadjärv II) in statistical analyses.
All the statistical analyses were conducted using STA-TISTICA 7.0 (Statsoft Inc.). One-way ANOVA was used to compare egg characteristics between populations, followed by Tukey HSD post hoc test. Pearson correlation (when data were normally distributed) and Spearman correlation were used to detect relationships between maternal traits and egg properties. Although multiple statistical tests were conducted, no Bonferroni-type adjustments to the P value were made. Bonferroni adjustments are overly conservative (drastically reduce statistical power), especially for the ecological field data and the cases where tests are interrelated (Perneger 1998; Moran 2003; Nakagawa 2004) .
Results
There were significant differences in egg wet weight (F 3,112 = 263.8, P \ 0.001; Fig. 2a ), dry weight (F 3,112 = 322.9, P \ 0.001; Fig. 2b ) and diameter (F 3,112 = 413.5, P \ 0.001; Fig. 2c ), with eggs of the brackish water fish being heavier and larger than those of the freshwater. Egg dry matter percentage (F 3,112 = 104.1, P \ 0.001; Fig. 2d ) and egg mass energy content (F 3,35 = 9.6, P \ 0.001; Fig. 2e ) were highest in the brackish water and Saadjärv I fish. Egg energy content was highest in Pärnu Bay population which is largely attributed to the greater egg size in brackish water (F 3,35 = 86.8, P \ 0.001; Fig. 2f ). Also fish condition varied among the sites (F 3,112 = 48.4, P \ 0.001; Fig. 2g ), but sibling size variation differed only between Lake Peipsi and Lake Saadjärv II (F 3,111 = 4.5, P \ 0.005; Fig. 2h ). The first and the second batch of ruffe eggs in Lake Saadjärv differed significantly in all measured egg characteristics (Fig. 2a-f) , with eggs from the first batch being larger and energy denser than eggs from the second batch. The ranges and means for total lengths, conditions and egg characteristics of ruffe from the freshwater and the brackish water sites are given in Table 2 .
Total length (TL) was positively correlated with egg size measurements (diameter, wet weight and dry weight) in Pärnu and Saadjärv I fish, but not in Peipsi and Saadjärv II (Table 3) . Furthermore, graphic analyses hint that the smaller ruffe in Pärnu do not exhibit a positive trend between egg and body size as the larger conspecifics do (Fig. 3a, b) . Egg mass energy content was positively correlated with TL only in Saadjärv II, but egg energy content was positively correlated in Pärnu and Saadjärv I (largely attributed to egg size correlation with TL; Fig. 3c ). Negative relationship between TL and fish condition was found only in Peipsi. Due to the inherent correlation between TL and age, relationships between age and egg parameters were almost identical to those with TL (Table 3 ; Fig. 3d) . A weak positive correlation was found between age and condition in Pärnu but not in the other sites.
Egg wet weight correlated negatively with its dry matter percent in Peipsi and Saadjärv I (Fig. 3e) , whereas egg dry weight and dry matter percent were positively correlated in Pärnu (Table 3) . Strong correlations were found between egg wet/dry weight and diameter (Fig. 3f) , but nevertheless egg diameter did not correlate with egg dry matter percent. None of the egg size measurements correlated with egg mass energy content. Fish condition did not correlate with egg size indicators (except for a weak positive relationship with egg dry weight in Pärnu, Table 3 ) nor with egg and egg mass energy content. No significant correlations were found between sibling size variation and measured egg characteristics, fish TL or condition.
Discussion
In our study, we found considerable differences in egg characteristics between the freshwater (FW) and the brackish water (BW) ruffe populations. In general, ruffe from BW produced larger (diameter) and heavier (wet weight) eggs. In brackish Pärnu Bay, eggs had approximately twice as high dry weight values compared with the eggs from FW. These findings show that larger egg size of BW ruffe is not only due to greater water volume, but the eggs contain more dry matter (most probably yolk lipids and proteins) than their FW conspecifics. This result suggests that larger eggs may be an adaption to increased salinity in BW environments. There is a trade-off between egg size and fecundity: Fish that produce larger offspring lose in their overall fecundity and thereby in their potential maternal fitness (Smith and Fretwell 1974; Elgar 1990; Lobon-Cervia et al. 1997) . Because of that, either larger offspring (from larger eggs) must have greater fitness and survival in BW to compensate mother's greater energetic investment per offspring (coupled with loss in fecundity) or larger eggs are physiologically crucial at the certain embryonic developmental stages for successful reproduction in saline environment. Previous studies have found that ruffe embryos from BW populations have increased salinity tolerance compared with FW populations (Vetemaa and Saat 1996; Albert et al. 2006) . Results from these studies give us the reasons to believe that larger egg size of BW ruffe is indeed physiologically crucial for successful reproduction in BW environments. Alternatively, larger eggs in BW may be evolved in response to predator pressure from small fish like Gobiidae that are absent in FW. Common goby Pomatoschistus minutus and sand goby Pomatoschistus microps have been shown to feed on small fish eggs and larvae (Ojaveer 2003; Zloch and Sapota 2010) , but larger eggs and larger larvae hatched from them may be out of the threat due to small gape size of the gobies.
In Lake Saadjärv (FW), eggs from the first batch were larger than from the second. This is in accordance with the general rule that egg size of batch spawners diminishes in consecutive batches as the spawning season progresses (Buckley et al. 1991; Hsiao et al. 1994; Nguyen et al. 2012) . Albert et al. (2006) found that although there was a decrease in ruffe egg diameter for FW population, no such trends were found in BW populations as the breeding season continued. In the coastal areas of the NE Baltic Sea and larger lakes, ruffe spawning usually starts in April (Saat et al. 2003) . Based on water temperature and period of the year, fish from Pärnu Bay (caught at the beginning of June) were presumably ready to spawn their second or even third batch of eggs. Also sampling time (in the middle of May) and egg characteristics (compared with Lake Saadjärv) indicate that the fish from Lake Peipsi were spawning their second batch of eggs. Interestingly, FW first but not Lake Saadjärv I and II denote the first and the second batch of eggs. Values are given as mean ± SD and range the second batch shared many similar characteristics with BW eggs (except the overall size). Both groups of eggs (BW and FW first) had higher dry matter percentage and egg mass energy content (although latter in Lake Saadjärv's first and second batches were statistically inseparable) compared with FW second batch. Also, female size affected positively egg size in BW and FW first batch eggs, but not in FW second batches. All these data indicate that the eggs from the first batch are of the highest quality at least in FW and therefore more important for successful reproduction. Eggs from the second batch have higher water content and are not associated with the females' individual size and physiological condition. This may be the result of depletion of females' energy reserves as demonstrated in some species (Kjesbu et al. 1991; Rideout et al. 2005) . In the littoral zone and estuaries of the Baltic Sea, ruffe demonstrates higher growth rates compared with FW lakes due to ample food supply (Saat et al. 2003) and that may be the reason why ruffe in BW maintain positive relationship between female size and egg size throughout the spawning season. Our data also imply that smaller females Mean egg diameter (mm) (f) Fig. 3 Correlations between fish total length (TL) and egg dry weight (a), TL and egg diameter (b), TL and egg energy content (c), TL and fish age (d), egg wet weight and percentage of dry matter (e), egg dry weight and diameter (f) in two freshwater (Lakes Saadjärv and Peipsi) and one brackish water (Pärnu Bay) ruffe populations. Open circle Pärnu Bay; filled triangle Lake Saadjärv (first batch); filled circle Lake Peipsi; open triangle Lake Saadjärv (second batch)
in BW do not retain this relationship, but sample size was not adequate to make decisive conclusions. Besides egg characteristics, the age and growth profiles also differed between the studied ruffe populations (Fig. 3d) , which could potentially influence our results. In Lake Saadjärv (mesotrophic), spawning fish were smallest and youngest, while in Lake Peipsi (eutrophic) fish were considerably larger and older, but the egg characteristics were very similar between those two sites. Somatic condition of fish was highest in Lake Saadjärv and lowest in Lake Peipsi. Significant differences in the egg properties also existed between the fish from BW and Lake Peipsi, despite similar age composition and growth characteristics of these two populations. All these data imply that the egg size differences between the FW and BW fish cannot solely be explained by abundant food supply and faster growth rates. Furthermore, these data give us the confidence to believe that fish size distribution differences among sites do not significantly influence our finding that ruffe eggs in BW are considerably larger than in FW. Ouellet et al. (2001) found that female pre-spawning condition of Atlantic cod Gadus morhua was positively correlated with egg dry weight. They also showed a positive relationship between condition of female and hatching success. Laine and Rajasilta (1999) found similar results with Atlantic herring Clupea harengus. We found only a weak positive correlation between condition and egg dry weight in BW, while TL had no effect on condition despite being positively correlated with the egg size. Furthermore, female condition had no effect on the egg size in FW. These results indicate that in the case of ruffe, female condition does not play important role in shaping of the egg size. Srivastava and Brown (1991) proposed that energy content of eggs may be a good egg quality indicator. There is a propensity for the species with larger eggs to have higher egg mass caloric value compared with the species with smaller eggs (Kamler 2005) . According to our results, ruffe have higher egg mass caloric value compared with the species with similar egg size (Kamler 2005 ). Our results demonstrate that the BW ruffe population generally had higher egg mass energy content than the FW populations (although BW and Saadjärv's first batch were statistically inseparable). This may be the result of better food supply in BW. Also, eggs from the first batch in Lake Saadjärv had higher caloric values compared with the eggs from Lake Saadjärv's second batch and Lake Peipsi. This is in accordance with the hypothesis that the first batch of eggs is most important for ruffe and possibly for other batch spawning species. Previous studies have found positive correlations between the egg energy content and fish condition in cod (Ouellet et al. 2001 ) and between the egg mass energy content and fish size in case of Atlantic salmon Salmo salar (Heinimaa and Heinimaa 2004) . In the latter case, however, no relation between the egg diameter and fish size was found. We did not find any correlations between fish condition and egg mass energy content, and TL correlated positively with egg mass energy only in the Lake Saadjärv's first batch. These results indicate that ruffe condition and size have minimal effect on the egg mass energy content levels. However, egg energy content correlated positively with TL in BW and FW first batch which is largely attributable to the positive correlation between TL and egg size. Furthermore, larger fish from the Lake Saadjärv's first batch had higher egg mass energy content. Therefore, in FW, large ruffe produce eggs of high quality with greater energy density and larger size.
Studies on salmonids have found that egg size variation (sibling size variation-SSV) decreases as the mean egg size increases (Koops et al. 2003; Gregersen et al. 2009 ). Furthermore, SSV has been found to increase as environment becomes less predictable (Koops et al. 2003; Gregersen et al. 2009 ). We did not find any difference in SSV between the BW and FW ruffe populations nor was SSV correlated with the mean egg size or any other maternal trait within the populations. These findings demonstrate that intrapopulation egg size variation is negligible compared with the differences between the BW and FW populations. Einum and Fleming (2004) concluded that diversified bet hedging (variable-sized offspring) is favoured by selection only in extremely variable environments and even then conservative bet hedging (fewer but larger offspring) would be more advantageous. The results from our study suggest that ruffe does not employ diversified bet hedging in the studied populations. Instead, our data indicate that conservative bet hedging is being employed in the BW environment.
In this study, we did not measure the hormonal content of eggs, but hormone levels could also be different between environments and batches. It has been shown that hormones influence larval development and therefore may affect egg quality (reviewed in Brooks et al. 1997) . Hormones have been shown to pass into the fish eggs from the mother's circulation system and may affect the osmoregulation, growth and other physiological functions in developing fish larvae prior to the functional development of their own endocrine glands (Greenblatt et al. 1989; Lam 1994) . Questions whether hormonal contents of ruffe eggs vary between different habitats and spawning batches and whether this is associated with other characteristics of egg quality should be investigated in the future.
In conclusion, variation and divergence in egg properties demonstrated in this study indicate significant modifications in reproductive strategies between the BW and FW ruffe populations. These alterations are most probably adaptations to increased osmotic pressure in the BW environments. Further studies are needed to determine whether those differences persist when the ruffe of BW origin are reared in FW and vice versa. Also, additional data are needed to verify whether those trends manifest in the other FW species that inhabit and reproduce in the BW environments (e.g., minnow Phoxinus phoxinus, perch Perca fluviatilis, pike Esox lucius).
